Recently, a-proteobacteria have been shown to possess virus-like gene transfer agents that facilitate high frequency gene transfer in natural environments between distantly related lineages. This system could have driven the genomic integration of the mitochondrial progenitor and its proto-eukaryote host and contributed to the evolutionary mosaic of genes seen in modern-day prokaryotic and eukaryotic genomes.
Thomas A. Richards 1, * and John M. Archibald 2 Understanding how eukaryotes and their mitochondria evolved is an important unsolved problem in evolutionary biology. If, as textbooks now tell us, mitochondria evolved from bacterial endosymbionts belonging to the a-proteobacteria, how is it that present-day nuclear genomes have come to possess genes from seemingly every corner of the bacterial world [1] [2] [3] ? A recent paper by McDaniel et al. [4] published in Science has provided a potentially important piece of the puzzle. The authors show that a-proteobacterial 'gene transfer agents' drive an extremely high rate of genetic exchange in nature. This discovery has implications for understanding the ancestry of a-proteobacterial, mitochondrial, and nuclear genomes.
Debate continues over the extent to which horizontal gene transfer (HGT) plays a role in the evolution of microbes and their genomes. One view is that HGT is so pervasive, especially among prokaryotes, as to render too few evolutionary characters to accurately classify life into one bifurcating phylogenetic tree and a unified taxonomic hierarchy [3, 5, 6] . In short, there is no tree of life, just a web of gene ancestries. In contrast, others have argued that careful targeting of specific gene markers combined with sophisticated phylogenetic methods can identify a skeleton tree of life, upon which hangs an extensive web of gene transfers [7, 8] .
An exciting development has been the discovery that a-proteobacteria possess a virus-like gene transfer agent (GTA) that produces small tailed phages [9] and packages and transfers w4.5 kilobase fragments of genomic DNA [10] . The GTA system was first characterized in the a-proteobacterium Rhodobacter capsulatus [11] and different GTA systems have since been identified in diverse prokaryotes, including the d-proteobacterium Desulfovibrio desulfuricans, the spirochete Brachyspira hyodysenteriae, and the archaeon Methanococcus voltae [10] . However, little is known about the function and taxonomic distribution of these different systems or their prevalence in natural environments [10] . The a-proteobacterial R. capsulatus-type GTA system differs from other viral systems in two significant ways: firstly, it seems to function only in genomic DNA transfer and appears incapable of transferring enough genetic material to encode its own protein components and, secondly, it does not seem to be deleterious to its host (there is no observed reduction in cell number coupled with GTA particle release) [10] . The GTA system simply seems to facilitate random gene transfers between species.
The capacity for GTAs to mediate HGT in nature had until recently remained an unknown quantity. McDaniel et al. [4] tackled this problem by exposing both cultured and naturally derived microbial communities to GTA-containing strains of a-proteobacteria. Using an experimental system that measures the rate of GTA-mediated transfer of kanamycin-resistance genes, the authors produced 'environmental gene transfer frequency' estimates in the range of w7 x 10 23 to w5 x 10 21 . These numbers eclipse those inferred previously for both transduction-and transformation-mediated transfer [12, 13] . How meaningful are such comparisons? Based on current data, the relative biological significance of these different gene transfer vectors cannot easily be discerned. Nevertheless, McDaniel et al. demonstrate that the GTA system is capable of transferring genes from a-proteobacteria to diverse bacterial classes, e.g., Flavobacteriales, Sphingobacteriales, and Burkholderiales. These results impact current models of prokaryotic genome evolution, as well as views on the origin of mitochondria and the composition of present-day eukaryotic genomes.
GTA genes have been found in representatives of all the major groups of a-proteobacteria [10, 14] , suggesting that this system was present in their last common ancestor. While such analyses do not rule out secondary transmission between a-proteobacterial lineages, Lang and Beatty [10] argue that correlation between ribosomal DNA phylogeny, GTA gene phylogeny, and the arrangement of the GTA gene cluster suggests a predominantly vertical ancestry within the a-proteobacteria. The apparent frequency of GTA-mediated transfer in natural communities [4] is such that it could facilitate ratchet-like gene transfer between unrelated genomes, providing ample opportunity for gene integration and replacement without direct physical contact. In the context of mitochondrial evolution, the mode, ancestry and scale of the a-proteobacterial-type GTA system therefore has the potential to explain not only how so many a-proteobacterial genes came to reside in the eukaryotic nucleus, but also why mitochondrial and nuclear genes show such mixed phylogenetic affinities.
The existence of an a-proteobacterial GTA system prior to and/or during the early stages of eukaryogenesis (Figure 1 Figure 1, box A) or indirect transfer via several alternative routes, 'seeding' the host genome prior to the a-proteobacterial endosymbiosis. These transfer routes include: (i) an ancestor of the archaea, which is believed to have made significant genetic contributions to the proto-eukaryote (e.g., [15] , and see [16] and references therein); (Figure 1, box  B) ; (ii) exchange between various a-proteobacterial lineages including the specific progenitor of the mitochondrion (Figure 1, box C) ; and/or (iii) 'third party' bacteria, e.g., spirochetes [17] or d-proteobacteria [18] , both of which have featured in hypotheses of eukaryotic evolution (Figure 1, box D) . The precise nature of the microbial donors is of secondary importance and indeed these hypotheses are not mutually exclusive (various alternative eukaryogenesis models [16] are compatible with this model in any combination; Figure 1 ). What seems inescapable is that the GTA system has the potential to donate a-proteobacterial genes to a wide diversity of prokaryotic lineages, as suggested by McDaniel et al. [4] . The proto-eukaryote host genome could thus have acquired a multitude of a-proteobacterial-derived genes prior to, during, and even after the evolution of the mitochondrion.
An additional complication is that GTA-mediated transfers specifically Schematic shows a hypothetical a-proteobacterial GTA system operating prior to and during the mitochondrial endosymbiosis (events are not necessarily contemporaneous). The 'host' is depicted as being a proto-eukaryote with a cytoskeleton, endomembrane system, and phagotrophy, although the hypothesis is equally relevant in the context of alternative models of eukaryogenesis (e.g., those invoking archaeal/bacterial, or archaeal/a-proteobacterial (mitochondrial) symbioses). Possible modes of a-proteobacterial gene transfer as driven by the GTA system are labelled A, B, C, D, and E (see main text).
from the progenitor of the mitochondrion to any other prokaryotic lineage ( Figure 1 , box E) would serve to further complicate inferences of eukaryotic genome ancestry. Such transfers would give rise to 'eukaryotic' genes that appear to have originated from third-party sources, even though they would have in fact been derived 'vertically' from the mitochondrial progenitor. Martin, Esser and co-authors have long recognized this phenomenon as a potential confounding factor in understanding eukaryotic genome evolution [1, 19] . Furthermore, available a-proteobacterial genomes are composed of genes that often have higher similarities to non-a-proteobacterial genes than to those of other a-proteobacteria, consistent with the notion that the genome of the mitochondrial progenitor was influenced by transfer into and out of the a-proteobacteria [19] . The net effect would therefore be that eukaryotic genes acquired via the protomitochondrion would show affinities to a wide array of prokaryotes, something that is supported by pair-wise comparisons of the yeast genome with prokaryotes [1] .
Regardless, an a-proteobacterial GTA system operating early in eukaryotic evolution would have served to channel genes of mixed a-proteobacterial ancestry into the proto-nuclear genome via any or all of the routes described above (Figure 1, boxes A-D) . Rampant a-proteobacterial gene transfer thus has serious ramifications for our attempts to reconstruct the evolutionary ancestry of the mitochondrion, which is predicated on the need for a resolved a-proteobacterial phylogeny. According to Fitzpatrick et al. [20] , '.any attempt to determine which extant a-proteobacterium is the sister group of the mitochondria depends on the hypothesis that there is a robust and meaningful a-proteobacterial phylogeny'. Their analysis of 16 a-proteobacterial genomes identified 418 genes with no evidence of paralogy. By comparing individual gene trees with the consensus 'supertree' they showed that 23% (98/418) of the trees analyzed did not match the underlying a-proteobacterial 'supertree'. The authors suggested that genes with incongruent phylogenies may be a product of hidden paralogy, uncorrected phylogenetic artifact, or HGT [20] . In light of the demonstration of high-frequency a-proteobacterial GTA-mediated transfer by McDaniel et al. [4] , HGT would now seem to be a straightforward explanation for the majority of incongruent a-proteobacterial phylogenies, as well as those arising from analysis of the few genes still remaining in the mitochondrial genome [1] . The a-proteobacterial progenitor of the mitochondrion was likely already in possession of genes of mixed a-proteobacterial ancestry derived from transfer in and out of the proto-mitochondrial lineage [19] .
The work of McDaniel et al. [4] raises as many questions as it answers.
For example, what is the extent of GTA-driven transfer into and out of bacterial lineages beyond a-proteobacteria, including extant archaeal groups? What is the actual abundance of a-proteobacterial GTA particles in natural environments and what determines their host specificity? Do other prokaryotic groups carry similar, as yet unidentified high frequency gene transfer systems? In organisms with alternative GTA systems, e.g. the spirochaete B. hyodysenteriae [10] , what role do they play in nature and can they transfer DNA as readily as the a-proteobacterial system [4] ? To what extent might the genomes of modernday eukaryotes be affected by GTAs? Answers to these questions will enrich our understanding of how microbes evolve and, in turn, shed light on how the eukaryotic genome was assembled. In the meantime, it would seem that the GTA system has the power to explain a range of conflicting data arising from phylogenomic analysis of mitochondrial and nuclear genes.
